Abstract In degenerative disc disease (DDD), increased loading in the posterior column increases facet joint subchondral bone density and may lead to facet joint degeneration. While spinal fusion is commonly used to treat patients with symptomatic DDD, increased stress at the levels adjacent to fusion may accelerate facet joint and adjacent segment degeneration. Artificial disc replacements have been developed as an alternative to fusion. In this prospective study, the effects of disc replacement with the CHARITÉ ä Artificial Disc on facet joint loading and integrity were evaluated. Thirteen patients aged <50 years with symptomatic DDD were recruited. Computed tomography (CT) osteoabsorptiometry was performed prior to the implantation of the CHA-RITÉ Artificial Disc and six months after. With this technique, increases or decreases in facet joint loading and integrity are indicated by corresponding changes in subchondral bone density. Changes in the distribution of load alter the distribution of the areas of maximum bone density. Clinical outcome was also assessed at pre-operative and 6 and 12 month post-operative visits using the Visual Analogue Scale back and leg pain scores, the Oswestry Disability Index and the Short Form-36 (SF-36) questionnaire. The height of the intervertebral space at the operated level was monitored by lateral Xray. Subchondral bone density was evaluated in the facet joints of all 13 patients at the operated level, 12 patients at the level above the operated segment, and five patients at the level below the operated segment. Quantitative measurements revealed no significant increases ( ‡3%) in subchondral bone density of the facet joints at any level in any patient. Significant decreases ( ‡3%) in subchondral bone density were measured at the operated level in 10/13 patients, at the level above the operated segment in 6/12 patients, and at the level below the operated segment in 3/5 patients. There were no changes in the distribution of the areas of maximum bone density in any of the studied facet joints at 6 months compared with pre-operative measurements. Clinical outcome scores were improved at 6 and 12 months compared with baseline. The mean intervertebral space height at the operated level was increased following implantation of the CHARITÉ Artificial Disc and was 1.8 times greater than the pre-operative height at both 6 and 12 months. In this study, replacement of degenerated intervertebral discs with the CHARITÉ Artificial Disc was not associated with increased loading of the facet joints at the operated or adjacent levels. Decreases in subchondral bone density may indicate reduced loading in the posterior column following disc Eur Spine J (2006) 15: 174-182 
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Introduction
The kinematics of the lumbar spine are dependent on a precise interaction between the posterior and anterior structures of the spine. Facet joints are diarthrodial joints of the posterior spinal column that restrict vertebral motion and share stress and load with the intervertebral discs of the anterior column [1, 13, 19, 25] . Pathology of the facet joints is a major cause of lower back pain and segmental instability [4, 12] .
Injury to the intervertebral discs disturbs segmental stability and produces asymmetric facet joint movement [17, 33, 41] . Reductions in intervertebral space height and intradiscal pressure that are associated with degenerative disc disease (DDD) increase loading on the facet joints [5, 13, 32, 39] . Facet joint degeneration is often preceded by disc injury and may be a consequence of the increased loading associated with DDD [6, 28, 35] .
Bone morphology is known to adapt to mechanical load with additional loading of a joint causing appositional bone growth and in some cases bone sclerosis [10, 31, 34, 38] . Subchondral bone density is particularly affected by load and the 'loading history' of a joint can be determined from the distribution of bone density [3, 8, 30, 31] . The areas of the subchondral bone plate exposed to the greatest load correspond to the areas of maximum bone density [27] . Subchondral bone density can be accurately measured in living subjects by computed tomography (CT) osteoabsorptiometry [2, 3, 26, 30, 31] .
Traditionally, most patients with symptomatic DDD who do not respond to non-operative intervention have been treated with spinal fusion. While fusion may restore segmental stability and halt degeneration at the operated level, increased stress at the adjacent levels may accelerate facet joint and adjacent segment degeneration [9, 16, 18, 21, 23] . Lee [23] reported hypertrophic degenerative osteoarthritis of the facet joints at levels adjacent to the fused vertebrae in 16 of 18 patients presenting with new symptoms ‡1 year after spinal fusion.
The limitations of spinal fusion have led to the development of several artificial disc replacement systems designed to mimic the function of intact intervertebral discs. By restoring disc height, segmental stability and normal kinematics, a fully effective disc replacement could prevent the degenerative cascade in adjacent levels. The CHARITÉ ä Artificial Disc is the most widely implanted disc replacement and has been used in the treatment of over 6,000 patients worldwide. In a recent study, which was the first to report Class I data comparing lumbar artificial disc replacement with fusion, equivalent or better outcomes were seen following disc replacement with the CHARITÉ Artificial Disc compared with BAK-assisted fusion [15] .
The aims of this study were to determine the effects of disc replacement with the CHARITÉ Artificial Disc on facet joint loads and integrity by comparing pre-and post-operative subchondral bone density and the distribution of the areas of maximum subchondral bone density.
Materials and methods

Patients
Patients aged <50 years with symptomatic DDD were included in this prospective study. Using the CT and MRI criteria of Weishaupt and Fujiwara to judge facet joint integrity [14, 36] patients with no or minor facet joint degeneration (Class 0-II) were eligible for inclusion to ensure as near normal physiological kinematics as possible. Eligible patients presented with lower back pain as the predominate symptom and had been unsuccessfully treated by conservative methods for at least 6 months prior to surgery. Patients were excluded if there was evidence of osteoporosis, segmental instability, infection or tumour.
Pre-operative evaluation
All patients underwent a pre-operative examination during which baseline pain, function and quality of life were measured using the Visual Analogue Scale (VAS) back and leg pain scores, the Oswestry Disability Index (ODI) and the Short Form-36 (SF-36) questionnaire. Thin-slice CT scans of the affected and neighbouring spinal segments were performed for osteoabsorptiometry and to measure spinal canal width. Pre-operative replacement compared with loading in the pre-operative degenerated spine. Further study is required to establish the baseline for healthy subchondral bone density and to compare this baseline with long-term measurements in patients undergoing disc replacement.
Keywords Artificial disc replacement AE Facet joints AE Bone density AE Disc height AE Degenerative disc disease facet joint integrity was determined by a three-phase skeleton scintigraphy and thin-slice CT scans [36] . The presence of disc degeneration and osteochondrosis of the vertebral endplates was investigated by a pre-operative magnetic resonance imaging scan.
Surgical technique
The CHARITÉ Artificial Disc was implanted via a ventral, retroperitoneal access. Angulated base plates and sliding cores of different heights were implanted for lordosis adjustment and individual adjustment of intervertebral height. Details of the surgical technique were as described by Hochschuler et al. [20] .
Post-operative evaluation
Post-operative examinations were performed at 6 weeks, 3 months, 6 months and 12 months. Postoperative X-ray images were taken immediately following the operation and at 14 days, 6 months and 1 year post-operatively. Post-operative VAS, ODI and SF-36 scores were recorded and are reported for 6 and 12 months.
Determination of post-operative facet joint loading by CT osteoabsorptiometry
Thin-slice CT scans were performed 6 months postoperatively for osteoabsorptiometry. Both ventral (upper vertebra) and dorsal (lower vertebra) aspects of the left and right facet joints were evaluated in the operated level of all 13 patients (52 zones). The same aspects of the facet joints at the level above the operated segment were evaluated in 12/13 (92.3%) patients (48 zones) and at the level below the operated segment in 5/13 (38.5%) patients (20 zones). A total of 120 zones were examined. The areas of maximum subchondral bone density within each zone were determined pre-operatively for every patient and exactly the same areas were evaluated 6 months postoperatively.
Measurement of intervertebral space height and implant position
The intervertebral space at the operated level and the level above were measured by lateral X-ray. Normalised values were calculated by dividing the sum of the ventral and dorsal intervertebral space height (using the edges of the vertebral endplates as landmarks), by the sum of the ventral and dorsal height of the adjacent vertebral body (using the same landmarks), and shown as a percentage. This procedure enabled us to eliminate errors due to variability in magnification.
In order to track the progression of intervertebral space height at the operated level, X-rays were taken at the pre-operative examination, immediately after insertion of the CHARITÉ Artificial Disc, and at each postoperative examination. The intervertebral space height at the operated level was also compared with that at the level above.
The position of the CHARITÉ Artificial Disc was assessed by anteroposterior and lateral X-rays. The centre of an ideally positioned disc should appear in line with the spinous processes of the adjacent vertebra in anteroposterior X-rays. In lateral X-rays, the centre of the CHARITÉ Artificial Disc should be approximately 2 mm dorsal from the midline of the vertebral body. This is because the nucleus pulposus is shifted dorsally in physiological lumbar lordosis [37] .
Determination of subchondral bone density by CT osteoabsorptiometry Subchondral bone density and the distribution of the areas of maximum subchondral bone density were determined by CT osteoabsorptiometry. Slice images of the lumbar spine were produced at 1 mm intervals and reconstructed into a 3D map using a Somatom Plus 4 computed tomograph (Siemens AG Medical Solutions, Erlangen, Germany). Subchondral bone density was determined using Analyze maximum intensity projection software (Mayo Foundation, Rochester, USA) running on an IBM workstation (RISC System/6000; IBM, Germany).
Bone density was visualised in the CT-slices and 3D maps as different colours with areas of high density appearing white or black, thus providing a qualitative assessment of areas of maximum density and pre-and post-operative levels of mineralisation. Quantitative analysis was performed using a calibrated colour scale of pixel density measured in Housefield Units (HU) with an arbitrary range of 200 (low) to 1,200 HU (high). Bone mineral density in mg/ml of calcium was then calculated from the HU levels. Using this method, any increase or decrease in bone density of ‡3% is considered significant [29, 31] . CT osteoabsorptiometry examinations were performed immediately prior to implantation of the CHARITÉ Artificial Disc and 6 months post-operatively.
Statistics
Pre-and post-operative ODI, VAS and SF-36 scores are presented as mean±SD values. These outcome mea-sures were used to indicate levels of pain, function and quality of life. No statistical analyses of pre-and postoperative differences in outcome measures were performed because of the small patient population. Pre-and post-operative range of motion values are presented as mean±SD.
Results
Patients
Patient demographics and baseline characteristics are shown in Table 1 . Thirteen patients (10 female and 3 male) with a mean age of 39 years (range 27-49 years) were recruited for the study. All 13 patients had severe disc degeneration; 10 patients had monosegmental osteochondritis and three patients had bisegmental osteochondritis. Pre-operative CT and MRI scans showed that facet degeneration did not exceed Class II in any patient. There were no cases of spinal stenosis or nerve root compression. Five patients had previously undergone nucleotomies at the same level as the CHA-RITÉ Artificial Disc implant.
Surgery
The CHARITÉ Artificial Disc was implanted at L4/L5 in nine patients and L5/S1 in four patients. The three patients with bisegmental osteochondritis underwent fusion at L5/S1 and disc replacement with the CHA-RITÉ Artificial Disc at L4/L5. There were post-operative complications in three patients. One patient experienced an ileus that was successfully treated with a gastrograph. In two patients, post-operative sympathicus lesions were detected; one of these patients fully recovered after 3 months. All three complications were related to the anterior approach and not the insertion of the CHARITÉ Artificial Disc.
Post-operative outcomes
Post-operative examinations showed a continually improving symptom profile. At the 12-month postoperative examination, nine patients were pain-free and pain was clearly reduced in the remaining four patients. Radicular leg pain persisted sporadically in one patient.
Pre-operative and 6-and 12-month post-operative ODI, VAS and SF-36 scores are presented in Table 2 . Mean ODI scores improved by 27 points at 6 months compared with pre-operative scores and there were improvements in mean VAS back pain and leg pain scores of 41 and 15 points, respectively. There were improvements in all parameters of the SF-36 score at 6 months. SF-36 pain intensity scores were particularly improved (16 points vs. 50 points). At the 12-month follow-up, further improvements in mean ODI, VAS back pain and VAS leg pain scores of 16, 11 and 13 points, respectively, were noted. There was little change in all parameters of the SF-36 score at 12 months compared with the 6-month scores. Implant positioning
Post-operative X-rays showed that the CHARITÉ Artificial Disc was in the desired position in 6/13 patients. In five patients, lateral X-rays revealed the centre of the CHARITÉ Artificial Disc was in line with the midline of the vertebral body instead of lying slightly dorsal to the midline. Two patients showed a 2 mm leftwards displacement of the CHARITÉ Artificial Disc in anteroposterior X-rays, but there was no correlation between implant position and changes in bone density.
Restoration of intervertebral space height
The mean intervertebral space height at the operated level was increased by a factor of 2.1 immediately after implantation of the CHARITÉ Artificial Disc (Fig. 1) . Post-operative intervertebral space height changed little between the immediate post-operative measurement and that at 6 months. Between 6 and 12 months, intervertebral space height at the operative level was maintained at a value 1.8 times greater than the pre-operative height. The 12-month post-operative intervertebral space height at the operated level was 1.2 times greater than the height of the adjacent intervertebral space. There was no correlation between intervertebral space height and changes in bone density. In every case, the smallest possible core was used to be as close as possible to the physiological intervertebral space height.
Post-operative distribution of the areas of maximum subchondral bone density
Qualitative analysis of the subchondral bone density distribution in the 3D colour images produced preoperatively and at 6 months post-operatively, showed that there was no change in the distribution of the areas of maximum subchondral bone density in any of the 13 patients. A typical example is shown in Fig. 2 .
Post-operative changes in subchondral bone density at the operated level
Percentage changes in subchondral bone density for the measured zones are shown in Table 3 . Subchondral The dorsal aspects of the left and right facet joints at L3/L4 for patient 4 are shown. The distribution of the areas of maximum subchondral bone density were unchanged after 6 months. The overall bone density, however, decreased uniformally Fig. 1 Progression of intervertebral space height following disc replacement. Intervertebral space height is normalised to the height of the adjacent vertebrae. The intervertebral space height of the level above the operated segment is also shown bone density was studied in the facet joints at the operated level in all 13 patients. A total of 52 zones were studied. Any changes in bone density of ‡3% were considered significant [29] . Significant decreases ( ‡3%) in subchondral bone density were seen in 43/52 (82.7%) zones (Table 3 ). There were no significant changes in density in seven (13.5%) zones, and significant increases in density in two (3.8%) zones. When the mean change in subchondral bone density at the operated level was calculated for each patient, there were significant post- Fig. 3 Mean post-operative changes in facet joint subchondral bone density. The mean change in subchondral bone density at the operated levels was calculated for all 13 patients. Changes in subchondral bone density for the levels above and below the operated segment were calculated for 12 and 5 patients, respectively. The dotted line represents the 3% significance level. * Subchondral bone density data for indicated level not available. Indicates patients who were fused due to bisegmental osteochondrosis Bold indicates operated level Patients who were fused at L5/S1 due to bisegmental osteochondritis operative decreases in 10/13 (76.9%) patients (Fig. 3) . No significant changes in mean subchondral bone density at the operated level were seen in the remaining three (23.1%) patients. Overall, there was a mean decrease in subchondral bone density of the facet joints at the operated level of 9.08%.
Post-operative changes in subchondral bone density at the adjacent levels Subchondral bone density was studied in the facet joints of the levels adjacent to the operated segment in 12 of the 13 patients. A total of 68 zones in 17 adjacent levels (12 at the level above the operated segment, five at the level below) were studied. Significant decreases in subchondral bone density were recorded in 39/68 (57.4%) zones (Table 3) . Of the remaining zones, there was no change in density in 28 (41.2%) zones and a significant increase in density in the remaining one (1.5%) zone. When the mean change in subchondral bone density at the adjacent levels were calculated for each patient, there were significant decreases at the level above the operated segment in 6/12 (50.0%) patients (Fig. 3 ). In the remaining six (50.0%) patients, there was no overall change in bone density. Subchondral bone density at the level below the operated segment was decreased in 3/5 (60.0%) patients with no change in the remaining two (40.0%) patients. Overall, there was a mean decrease in subchondral bone density of the facet joints at the adjacent levels of 5.42%.
Discussion
Replacement of degenerated lumbar intervertebral discs with the CHARITÉ Artificial Disc was not associated with increased load on the facet joints at the operative or adjacent spinal segments. The distribution of the areas of maximum subchondral bone density were the same pre-operatively and 6 months post-operatively. This provides strong evidence that disc replacement did not lead to additional stress on the facet joints [2, 30] . Decreases in subchondral bone density of the facet joints may indicate a reduction in loading compared with preoperative facet joint loads and restoration of normal facet joint loading. These morphological findings were accompanied by improvements in clinical outcomes. Considerable improvements in function and quality of life were measured in ODI and SF-36 scores. Pain relief was significant with particularly noticeable improvements in the VAS back pain and SF-36 pain intensity scores. Do the morphological findings suggest that there was not only an absence of facet joint degeneration upon disc replacement but also a reversal of existing disease? In 10/13 patients, there were significant decreases in the mean subchondral bone density of the facet joints at the operated level. Similar decreases were seen in the facet joints of 9/17 (53%) levels adjacent to the operated segment. Comparable studies in the literature are scarce. Messner et al. [26] reported decreased bone density of rabbit knee joint after sham operation. Increased rest behaviour following sham operation was noted postoperatively. It is unlikely that the decreased subchondral bone density of the facet joints reported in this study was due to post-operative immobilisation of the patients, as normal movement and load-bearing behaviour was achieved between 6 and 8 weeks post-operatively in all patients.
Restoration of intervertebral space height alone would be expected to restore normal facet joint loading and thereby decrease subchondral bone density [13, 22, 34] . Although restored intervertebral space height is likely to contribute to decreased load at the operated level, decreases in subchondral bone density observed in facet joints at adjacent levels in this study indicate that this is not the only factor involved. It is possible that improved segmental kinematics may lead to a decreased load to the facet joints at the adjacent level, as well as contributing to the decreased load at the operated level. Further study is required to establish the baseline for healthy subchondral bone density and to compare this baseline with long-term measurements in patients undergoing disc replacement.
Post-operative lateral and anteroposterior X-rays showed that the CHARITÉ Artificial Disc was not in the ideal position in some patients. However, changes in subchondral bone density in patients with misplaced discs were not different from those in the other patients (data not shown), and thus there appeared to be no functional consequence of these minor misplacements. In previous studies, there was no discernible negative impact on clinical outcome following similar minor misplacements of the CHARITÉ Artificial Disc [7, 24, 40] . Using a non-linear 3D finite element model of the L3/L4 motion segment, Dooris et al. [11] estimated that facet joint loading following ventral misplacement of an artificial disc was 2.5 times greater than in an intact spinal segment. However, the minor misplacement of the CHARITÉ Artificial Disc reported in this study did not appear to affect facet joint loading, as measured by subchondral bone density.
Conclusions
In this study, significant pain relief following disc replacement with the CHARITÉ Artificial Disc was accompanied by morphological observations indicating maintenance of facet joint integrity. In fact, decreases in facet joint subchondral bone density suggest a normalisation of facet joint integrity. It appears likely that these beneficial effects on facet joint integrity are due to restored intervertebral space height and recovered kinematics. Further study is required to confirm these findings.
